Context. The role of massive stars is central to an understanding of galactic ecology. It is important to establish the details of how massive stars provide radiative, chemical, and mechanical feedback in galaxies. Central to these issues is an understanding of the evolution of massive stars, and the critical role of mass loss via strongly structured winds and stellar binarity. Ultimately, and acting collectively, massive stellar clusters shape the structure and energetics of galaxies. Aims. We aim to conduct high-resolution, deep field mapping at 21 cm of the core of the massive Cygnus OB2 association and to characterise the properties of the massive stars and colliding winds at this waveband. Methods. We used seven stations of the e-MERLIN radio facility, with its upgraded bandwidth and enhanced sensitivity to conduct a 21 cm census of Cygnus OB2. Based on 42 hours of observations, seven overlapping pointings were employed over multiple epochs during 2014 resulting in 1σ sensitivities down to ∼ 21 µJy and a resolution of ∼ 180 mas. Results. A total of 61 sources are detected at 21 cm over a ∼ 0.48 • × 0.48 • region centred on the heart of the Cyg OB2 association. Of these 61 sources, 33 are detected for the first time. We detect a number of previously identified sources including four massive stellar binary systems, two YSOs, and several known X-ray and radio sources. We also detect the LBV candidate (possible binary system) and blue hypergiant (BHG) star of Cyg OB2 #12. Conclusions. The 21 cm observations secured in the COBRaS Legacy project provide data to constrain conditions in the outer wind regions of massive stars; determine the non-thermal properties of massive interacting binaries; examine evidence for transient sources, including those associated with young stellar objects; and provide unidentified sources that merit follow-up observations. The 21 cm data are of lasting value and will serve in combination with other key surveys of Cyg OB2, including Chandra and Spitzer.
Introduction
The Cygnus OB2 Radio Survey (COBRaS) is an e-MERLIN Legacy project 1 conducting an extensive radio survey of the central region of the Cygnus OB2 association at L-(1.5 GHz) and C-band (5 GHz), with a total time allocation of 294 hours. This project exploits the substantially upgraded e-MERLIN facility, with up to a factor of 30 increase in sensitivity and increased bandwidths. In this paper we report on the L-band dataset of Cygnus OB2.
In the northern hemisphere constellation of Cygnus lies the massive star forming region of Cygnus X. At relatively close proximity (0.7 -2.5 kpc; Uyanıker et al. 2001) , the entire Cygnus region contains nine OB associations and at least a dozen young 1 http://www.e-merlin.ac.uk/legacy/projects/cobras.html open clusters (Mahy et al. 2013) . Numerous surveys of the entire region (from the X-rays through to the radio) have already been conducted, leading to the discovery of hundreds of Hii regions and several supernova remnants (Uyanıker et al. 2001) . Moreover, X-ray observations have revealed the presence of a 'super-bubble' spanning 450 pc and attributed to the past events of 30-100 supernovae (Cash et al. 1980) . At the heart of this bubble, and located behind the 'Great Cygnus Rift', lies the tremendously OB-rich, massive stellar association of Cyg OB2. First identified by Münch & Morgan (1953) , this stellar system is amongst the most massive observed in the Galaxy (Knödlseder 2000; Hanson 2003; Wright & Drake 2009 ) with an estimated mass of 10 4 − 10 5 M and containing ∼ 2600 ± 400 OB stars (Knödlseder 2000; Drew et al. 2008; Wright et al. 2010b Wright et al. , 2015 .
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The association is known to suffer from a substantial amount of (variable) visual extinction due to a combination of the large amounts of dust found within its parental cloud and also within the Great Cygnus Rift lying within our line of sight. In a recent study by Wright et al. (2015) , the visual extinction towards 164 of its OB stars ranged from A V = 2.2 m to 10.2 m (where the superscript m denotes magnitude). This makes Cyg OB2 ideal for studies within the long wavelength (radio) regime, as extinction at these wavelengths is negligible.
In addition to a high stellar density, Cyg OB2 also boasts a diverse range of stellar objects. Its central 0.5 deg 2 has been found to contain approximately 8000 X-ray point sources, with many of them considered to be young stellar objects (YSOs) and T Tauri stars (at least 444 have been diagnosed to be stars with discs; Guarcello et al. 2015) . Additionally, in and around the immediate vicinity of the association there are a number of Be stars, two Wolf-Rayet stars (WR145, WR146), two candidate luminous blue variable (LBV) stars (G79.29+0.46, Cyg OB2 #12), a red supergiant (IRC+40427), a B[e] star (MWC 349) , and a high-energy γ-ray source (TeV J2032+4130). Wright et al. (2016) recently carried out a high-precision proper motion study to derive the 3D velocity dispersion (σ 3D = 17.8 ± 0.6 kms −1 ) using 873 Cyg OB2 member stars, concluding that the association is gravitationally unbound but shows no signs of previous gas expulsion. This argues against the proposition that OB associations are the expanded remnants of disrupted star clusters. Instead, Cyg OB2 was likely born with a considerable amount of physical and kinematic substructure and underwent gas exhaustion, managing to form massive stars in a low density environment by the direct collapse of gas and dust onto a stellar protostar. Table 1 gives a summary of the main physical characteristics of the Cyg OB2 association.
Since the mid-eighties, numerous surveys have imaged the association at radio wavelengths. The following is a list of some of the main surveys and their findings.
-W84: Wendker (1984) , at 4800 MHz; limiting flux density 50 mJy; angular resolution 2 .6. -Z90: Zoonematkermani et al. (1990) at 1400 MHz; limiting flux density 25 mJy; angular resolution 20". -W91: Wendker et al. (1991) , at 408 and 1430 MHz; limiting flux densities 150 mJy and 45 mJy; angular resolutions 3 .5 × 5 .2 and 1 .0 × 1 .5 respectively. -T96: Taylor et al. (1996) at 327 MHz; limiting flux density 10 mJy; angular resolution 1 .0 -T03: Taylor et al. (2003) at both 408 and 1420 MHz; angular resolutions 5 .3 and 1 .6 respectively. -SG03: Setia Gunawan et al. (2003) at 350 and 1400 MHz;
limiting flux densities of 10-15 mJy and 2 mJy; angular resolutions 13" and 55" respectively.
To highlight the difference in sensitivity and resolution of these previous radio surveys in comparison to the COBRaS observations presented in this paper, Figure 1 shows a log-log plot of resolution versus sensitivity.
By taking advantage of the enhanced sensitivity and high resolution of the e-MERLIN array, COBRaS will deliver the most detailed and sensitive radio census of the region to date. The Fig. 1 : Resolution and sensitivity of the COBRaS e-MERLIN observations presented in this paper, in comparison to previous radio surveys covering the Cyg OB2 association. The colour scale gives the frequency of a given survey whilst the different shapes represent the different instruments used: MPIfR 100 m (squares); VLA (pentagons); DRAO (diamonds); WSRT (triangles) and e-MERLIN (circles). References relating the shorthand labels can be found in Section 1.
Legacy project aims to reach 1-σ flux density limits of ∼ 3 and ∼ 10 µJy, and angular resolutions of 40 mas and 150 mas for C-and L-band respectively. COBRaS was awarded a total allocation of 252 hours and 42 hours at C-(6 cm) and L-band (21 cm), respectively, and the project aims to investigate several of the current astrophysical problems related to massive stars and clusters, including the mass-loss and evolution in massive stars; the formation, dynamics, and content of massive OB associations; the frequency of massive binaries; and the incidence of non-thermal radiation.
Massive stars have a significant influence in many areas of astrophysics. They are major contributors to galactic evolution as they return prodigious amounts of mass, momentum, and energy to the interstellar medium (ISM). These massive stars lose mass via stellar winds over the course of their lifetime. Previous results have shown that the current estimates of mass-loss rates in such stars derived from different observational diagnostics are discrepant by up to an order of magnitude (e.g. Puls et al. 2006; Fullerton et al. 2006; Sundqvist et al. 2010 ). This may have profound implications for broad astrophysical domains, including stellar evolution and the mass-loss process across the H-R diagram, and the injection of enriched gas into the ISM. High sensitivity is required to detect as much of the O and B stellar population as possible, and to study the role of clumping in stellar mass loss.
The high sensitivity of e-MERLIN enables the direct detection of massive binary systems within Cyg OB2. In a binary consisting of two early-type stars (e.g. O+O), the stellar winds collide. Around the shocks in the colliding-wind region, electrons are accelerated to relativistic velocities. These electrons then emit synchrotron radiation which can be detected at radio wavelengths (e.g. Dougherty & Williams 2000) . The e-MERLIN data from this project will allow us to: (1) obtain a better determined binary frequency, an important constraint for evolutionary population synthesis models, which will significantly improve our understanding of galactic chemical evolution; (2) study statistically the colliding-wind phenomenon and better understand References: 1 Wright et al. 2014a , 2 Wright et al. 2015 , 3 Wright et al. 2016 , 4 Wright et al. 2014b , 5 Rygl et al. 2012 , 6 Knödlseder 2000 , 7 Kobulnicky et al. 2014 .
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its dependence on stellar and binary parameters; and (3) improve our understanding of the first-order Fermi mechanism responsible for the particle acceleration.
In combination with current multi-waveband surveys of the Cyg OB2 association (the INT Photometric Hα Survey (IPHAS): Hα; Spitzer: near-IR; Chandra: X-ray) and indeed future surveys (e.g. JWST, Gaia), COBRaS will also deliver data on YSOs, transient sources, and background galaxies. This paper presents the results gained from the complete reduction and analysis of the COBRaS L-band (21 cm) observations and is organised as follows. Section 2 describes the 21 cm e-MERLIN observations and their subsequent reduction. Section 3 begins with the introduction of the novel Source Extraction Algorithm for COBRaS (SEAC) and goes on to describe the steps taken to extract the total number of sources and their flux densities found within the seven L-band pointings. Section 4 presents the detected sources within the 21 cm observations including information regarding those identified with previous observations. Section 5 gives a discussion into the types of sources detected within the data, focussing on those objects with previous identifications. Finally, Section 6 is used to summarise the main findings of the COBRaS 21 cm Legacy survey.
Observations and data reduction

Observations
The L-band (21 cm) observations presented here were obtained as part of the COBRaS e-MERLIN Legacy project. The bulk of these observations (∼ 75% of the total allocation) were completed over a three day period from April 25 to 27, 2014 (from here after denoted as April 26), whilst additional observations, contributing to the final quarter of the total allocation at L-band were taken on April 11, 2014 (from here after April 11). A total of seven (overlapping) pointings were required in order to cover the central area of the Cyg OB2 association (∼ 0.48 deg 2 ), due to the primary beam size of the e-MERLIN array (based upon the Lovell antenna) at 21 cm. This observation strategy can be seen in Figure 2 , which shows the seven overlapping pointings chosen to cover the highest concentration of stellar sources as determined from Knödlseder (2000) . The observations were cycled into two seven-minute scans per pointing in order to provide a good hour-angle coverage and to maintain as similar a u, v-coverage for all pointings as possible.
Fig. 2:
COBRaS positions for the seven L-band (21 cm) pointings imaged with e-MERLIN interferometer, based on the primary beam of the Lovell antenna shown as large circles. The background colour figure is the stellar density distribution from the 2MASS survey as given in (Knödlseder 2000) . The black dots represent OB stars from Massey & Thompson (1991) , the coloured diamonds highlight OB binary systems from Kiminki et al. (2007) , and the star symbols indicate massive stars taken from Comerón et al. (2002) . The numbers identify some of the well-studied Cyg OB2 stars.
The point source J2007+404 was used to perform cycled phase calibration scans during the observations. In total, each pointing was observed for approximately five hours on source, with the data from April 11 and 26 combined. The observations were made using full stokes parameters at a central frequency of 1.51 GHz using 512 MHz bandwidth split over eight intermediate frequencies (IFs) and 512 channels per IF. A complete summary of the 21 cm COBRaS observations is given in Table 2 .
Data reduction
The complete reduction of the COBRaS L-band data set was carried out using the Astronomical Image Processing Systems (AIPS). Where possible, scripting procedures within the parseltongue/python environment were used to increase the overall efficiency of data handling processes.
Radio frequency interference
A significant portion of the observable bandwidth suffers from contamination by Radio frequency interference (RFI). The observed RFI was unpredictable and varied significantly in intensity (up to three to four magnitudes greater than that observed from the astronomical source) across both time and frequency space. Due to the extremity of the RFI, a manual flagging procedure was necessary as a first pass throughout the RFI mitiga- Table 2 : Observational summary of the COBRaS L-band Legacy data set. The total integration time and data size includes all of the seven target fields and the observed calibration sources over both epochs (April 11 and 26) . We note that the given integration time and data size describes that of the raw data set, i.e. before any loss of data due to RFI, noisy data, or 'off-source' visibilities. ∼ 13 µJy for 3.5 hrs on source † As measured from the central frequency (listed) of the band tion procedure. A data visualisation programme SPPlot 3 (SPectral Plot) was used to inspect the data, from which large chunks of RFI-affected data could be identified and flagged accordingly due to their location in time and frequency space. The data were then edited using the RFI-mitigation software SERPent (Peck & Fenech 2013) , a programme developed for e-MERLIN that utilises the parseltongue scripting environment, as well as editing tasks within AIPS (Astronomical Image Processing System). In total, approximately 25-30% of the data for each pointing were removed because of RFI alone. A further ∼ 25% of the data were lost due to corrupt radio visibilities as a result of instrumental errors both internally (electronics, correlator) and externally (antennae pointing errors). Across both observation epochs, ∼ 50% of the data were lost and were unable to undergo a successful calibration.
Calibration
The calibration procedure was based upon the official e-MERLIN cookbook (version 3.0 -February 2015) 4 . Whilst several calibration pipelines exist for the treatment of e-MERLIN data (see Argo 2014 and Chapter 3 of Peck 2014), strong inconsistencies (and variations in data quality) between the COBRaS L-band Legacy data sets necessitated a tailor-made calibration for each epoch. At each step of the calibration routine, the data were visually inspected with the possibility of applying further flags. The flow diagram in Figure 3 highlights the main steps taken to complete the calibration, after removing any RFI and corrupt data, through to the point of self-calibration. The flux calibrator 1331+305 (3C286), a bright quasar of known flux, is used to set the fluxes for the remaining target and calibration sources. At L-band, 1331+305 is resolved by the longer baselines of e-MERLIN and has a steep spectral index. The flux densities must be set for each IF to account for this variation across the wide bandwidth. This was accomplished using a parseltongue script called dflux.py that calculates the flux of 1331+305 at the central frequency of each IF. The cal-culation uses a polynomial expression derived from the most recent spectral flux densities of 1331+305 from Perley & Butler (2013) , which is then corrected for the higher resolving power of e-MERLIN over the JVLA. The output values from the script were then entered into the source (SU) table using the AIPS task SETJY.
Fringe fitting was performed by the AIPS task FRING, which performs a least squares fit to the phase, delay, and fringe rate to remove the variable delay offsets and fringe rates. Delay offsets within e-MERLIN data can be as large as several microseconds and are generally greater on longer baselines; they can vary in time either as a gradual drift due to changes in the temperature affecting the length of the fibres connecting the antennae, or as sharp changes originating within the correlator.
After every stage of the calibration process, the data were inspected in both frequency and time using the AIPS tasks POSSM and VPLOT, respectively. This inspection is crucial to ensure the derived solutions have been correctly implemented and the visibilities are in the desired state to move onto the next stage in the data reduction process.
J2007+404 was chosen as a phase calibrator source as it is bright, lies within close proximity (within ∼ 2 • ) of our target fields, and even on the longest e-MERLIN baselines at L-band is not resolved enough to introduce significant phase errors. The AIPS task CALIB was used to compute antenna-based gain solutions by initially solving for the phases only. The phase solutions are calculated across each of the calibration sources, however only the solutions gained from the phase calibrator, J2007+404 are used to calibrate the phases of the target fields.
In applying the amplitude calibration, two initial runs of CALIB are used to solve for both the amplitudes and phases of firstly the flux-calibrator 1331+305, and secondly of the point source and phase calibrators 1407+284 and J2007+404 respectively. The resulting solutions are used to set the absolute flux scale of 1407+284, J2007+404, and the target fields by using the AIPS task GETJY. Furthermore, the AIPS task SOUSP is used to fit to the derived flux values over each IF to determine the spectral indices of the point source and phase calibrator. The final flux densities for 1407+284 and J2007+404 from the April 26 observations can be seen in Table 3 . In the case of J2007+404, a large amount of RFI (and therefore significantly less data in comparison to the other spectral windows) within IF1 led to overestimation of its derived flux density. This value was not included within the subsequent fit with SOUSP to avoid 'skewing' the fit.
The April 26 observations constituted a larger portion of the entire Legacy data set than those of April 11 and were of better quality. Whilst the flux density values derived from the April 11 dataset were within 10% of those shown in Table 3 , flux density values from the April 26 data were deemed more reliable. We therefore chose to use the values listed in Table 3 to set the flux densities of both the April 11 and April 26 data.
The AIPS task BPASS was used to correct for the response of the interferometers' receivers, which cause complex amplitude and phase gain variations as a function of frequency. In order to solve for the variations across the frequency band, BPASS uses a point)source calibrator that is both bright and has a flat spectrum across the band. Here, 1407+284 was used as the initial bandpass calibrator, however for both observation epochs the solutions from BPASS did not correctly remove the amplitude and phase variations across the entire frequency band for a number of baselines. The bandpass response showed changes as a function of time, and therefore the phase calibrator was used to correct for the bandpass response, solving for each (∼ 2-min) scan.
Fig. 3:
Steps taken in the treatment of the COBRaS Legacy L-band data, through to the point at which the data is ready for selfcalibration. Steps carried out with the use of AIPS tasks are highlighted by cyan-coloured hexagons.
Self-calibration was applied to the phase calibrator J2007+404 for the observations taken on April 11 and made significant improvements to the phase solutions. However, for the April 26 epoch, self-calibration on the phase calibrator made no significant improvement and was left out of the data-reduction routine. Self-calibration was also applied to each of the seven target field pointings from both the April 26 and 11 datasets. Using approximately six sources per field (with flux 1 mJy), CALIB calculated solutions over a ten-minute time interval and by averaging the RR and LL polarisations.
Imaging
In order to perform wide-field imaging and mosaicing on the data, they were first translated to measurement set format for use with the wide-field imaging software WSClean (Offringa et al. 2014) . Each epoch was imaged and analysed independently in order to search for any variable emission. During this process the data were re-weighted to account for the different antenna sizes across the e-MERLIN array. The AIPS task WTMOD was first used to set the weights to unity. Following this, the data were loaded from FITS format into the radio data-processing software CASA (McMullin et al. 2007) to create a measurement set. The CASA task STATWT was used to re-weight the data according to the relative sensitivity of the antennas in the array prior to imaging. The WSClean software package performs w-stacking to correct for the w-term when imaging wide fields in order to account for any effects from sky curvature and noncoplanar baselines. In order to maximise the u, v-coverage, we used pseudo-I imaging to include any parallel-hand polarisation data present where the other had been flagged. As this option is currently unavailable with WSClean, a version of the data utilising the unflagged data for both polarisations was used to recreate the process, as is done in other imaging tasks such as AIPS IMAGR. Each pointing from both the April 11 and 26 data was imaged independently using WSClean with natural weighting. The expected field of view of each pointing (based on the size of the Lovell antenna) was ∼ 657" in diameter at the central frequency of the observations. In order to maximise the field of view and sensitivity but limit the required computation, we therefore chose to image 20000 × 20000 pixel images, large enough to cover the primary field of view of the Lovell antenna at the very top of the observing band (i.e. those depicted in Figure 4 ) using a pixel size of 0.04 arcsecs. An auto-threshold of 3.5 σ was used to limit the cleaning along with a maximum of 50000 iterations using an mgain of 0.4. In order to mosaic the images together in the image plane, an averaged restoring beam was used for all pointings in each epoch. These were 305×194 (PA -12 • ) and 198×158 mas (PA 36 • ) for the April 11 and 26 data respectively. When imaged, each of the resulting wide-field maps covered an area on the sky of ∼ 0.22 • in RA and ∼ 0.22 • in declination. The positions of the seven pointing centres and the area on the sky covered by the wide-field images can be seen in Figure 4 . Once complete, the output FITS images were transferred back to AIPS to perform the mosaicing. The FLATN task was used to combine the images into a single field at each epoch and apply a primary beam correction to account for the changing sensitivity across the field of view as a function of the primary beam response. The resulting full-field images for each epoch are approximately 55000×55000 pixels. The single-pointing wide-field images achieved noise levels in the central regions of approximately ∼30-35 and 20-22 µJy/beam for the April 11 and 26 respectively. For approximately 3.5 hr on-source integration time the expected noise level for the April 26 portion of the data was 13 µJy/beam, with 20 µJy/beam expected for the corresponding 1.5 hr on-source in the April 11 data. The noise levels achieved fall somewhat short of those expected compared to the theoretical noise, which is likely due to a combination of factors. These observations were taken during the later commissioning stages of e-MERLIN when the data quality was still undergoing improvements. In addition, a number of issues with telescopes during the observations meant they were not all observing for the full time period. These data were also significantly affected by RFI resulting in further losses where this was excised. As a result of these problems, on average approximately 50% of the data was removed during processing (and in some cases slightly more). Applying this to the theoretical noise calculation we would expect around 28 and 19 µJy/beam for the April 11 and 26 respectively. We achieve noise values approaching these levels in the wide-field images suggesting that the known issues likely account for the difference between those expected and realised.
Image fitting and flux extraction
Source Extraction Algorithm for COBRaS (SEAC)
SEAC was originally based on a flux extractor script written by Luke Peck (see Peck 2014) . Having extended and improved the code it is now the main tool used to compile the source population catalogue for the COBRaS L-band observations. The code is maintained by J. C. Morford and D. M. Fenech and is completely open source, made available via GitHub 5 .
The program has a number of user-defined parameters to control different aspects of the code which are edited at the beginning of the script, and performs the following steps:
1. It reads an astronomical image into a two-dimensional numpy array and calculates the beam size from the image header and the initial RMS of the entire image. 2. If required, it calculates a noise map across the image at a user-defined resolution to account for the variation in the noise across the image. 3. It then implements the floodfill algorithm (see Section 3.1.1) in order to find the positions of the various pixels associated with the astronomical sources or 'islands' within the image. 4. Having obtained a given number of islands, the next part of the code calculates the integrated flux, the maximum pixel, the weighted position in sky coordinates, and the local noise level, as well as their associated uncertainties using one of two possible methods: (a) Using the AIPS task JMFIT to fit up to four Gaussian components to each island, from which the various statistics are calculated; (b) or from within the python environment using a pixel-bypixel method, summing the pixel flux densities for the island and then subtracting the local background to obtain the integrated flux density, finding the RMS from around the immediate vicinity of the source and calculating their related uncertainties. 5. It then outputs the integrated flux density, positional information, and their related uncertainties to a text file, whilst various output plots show the position of each source within the input image, and (in the case of the pixel-by-pixel method) the area of the source detected by the floodfill algorithm.
The floodfill algorithm
The floodfill algorithm was deemed as the best option in extracting sources from the COBRaS observations due to its low rate of false detections and its flexibility in terms of finding both resolved and unresolved sources. The algorithm takes two userdefined inputs; the seed threshold (σ S ) and the flood threshold (σ F ). The seed threshold defines the level at which any pixel across the entire image can be first considered as an island. The algorithm then takes each seed pixel on an individual basis and tests the level of the adjacent pixels surrounding it to see if they are above the flood threshold. This is implemented in SEAC using a scan-line stack-based approach. Every connected pixel above σ F is considered a part of the island. This iterative process is continued until all the pixels adjacent to the island are lower than the flood threshold level. Since we are working with radio maps that have been convolved with a synthesised beam, an island is only generally considered an island if the number of pixels representing it is larger than the number of pixels that make up the beam area 6 . The seed threshold must be larger than or equal to that of the flood threshold with typical values of σ S = 5σ and σ F = 4σ. For a complete discussion on the range of possible values, we direct the reader to the work of Hancock et al. (2012) and Hales et al. (2012) , who implement the floodfill algorithm within the source-extraction programs aegean and blobcat respectively. Within SEAC, both σ S and σ F are manually set by the user to give an added flexibility to the program and the specific settings used for analysing the data are discussed in section 3.3.
Background noise map
The flood and seed threshold parameters affect the results from SEAC to the greatest extent. However, these parameters represent multiples of the background RMS within the image. When dealing with small images (e.g. 512 × 512 pixels or ∼ 20 arcseconds in diameter), the variation in the noise level across the image is insignificant. However, the wide-field images produced in the reduction of the COBRaS 21 cm data span ∼ 15 arcminutes in diameter, covering the entire field of view of the e-MERLIN array at L-band. In correction for the response of the primary beam across each the full-field image, the noise level varies significantly from the centre to the outer edges. The variation can be as much as a factor of approximately three meaning a single measurement of the noise level across the entire image will not accurately represent the localised RMS of each source.
To compensate for this variation in noise, SEAC can create a separate noise map that mimics the size and shape of the image array, with pixel values corresponding to the local noise. The user can input the resolution of the noise map by choosing the number of boxes in the x and y directions from which to calculate the noise level. This resolution is required to be sufficiently small such that the noise is unlikely to vary significantly between each grid cell, yet large enough in order for a reliable estimate of the noise level to be made, even if bright sources are included within a given grid cell. As the algorithm cycles through each pixel within the image array, their amplitude is compared to the noise level of the same pixel position in the noise array, thus accounting for the variation in noise level across large images. In this way each source detected is more fairly represented by its local background.
Source position determination
Considering the high resolution obtained from these e-MERLIN 21 cm observations, a precise source position determination of each detected source is required. Within SEAC, there exists two methods to measure the position of each detected source or island. Firstly, when using the AIPS task JMFIT to fit Gaussian models to each island by a least squares method, the task will return the integrated flux of the island and the peak position of the fitted model. Alternatively, the fluxes and positions of each island can be obtained using a pixel-by-pixel method (i.e. from an analysis of the island pixels, conducted within python). With this method, the user can choose to either return the coordinates of the peak pixel position of each island, or the coordinates of the weighted mean pixel position. The flux-weighted mean pixel position will obtain the most accurate position for resolved, non-Gaussian sources. Using the peak pixel position is sufficient to accurately represent the position of point-like, unresolved sources. Each method will return the x and y pixel position of each source, which SEAC then converts to the true position on the sky in astronomical coordinates.
Source flux determination
The source integrated flux density and its associated error can either be derived using the AIPS task JMFIT or via an analysis of the detected island pixels. The flux calculated with JMFIT can vary significantly depending on the input parameters. The AIPS task benefits hugely from some prior information regarding the general source shape and is therefore tailored towards point-like, unresolved sources. In regards to resolved (non-Gaussian like) sources, JMFIT struggles to accurately represent the source and generally results in an unreliable integrated flux density. Great care must be taken if using JMFIT to determine the source fluxes of resolved or extended sources. Thus, in the case of resolved sources, a better option is to use an analysis of the determined island pixels. The integrated flux of a given island is calculated as follows:
where x LB is the mean of the local background, N beam is the number of pixels representing the size of the beam, and N is the number of pixels belonging to the island. The local background should represent the general noise level in the immediate vicinity of the source. Within SEAC, this can be calculated individually for each source, or over the entire image. Calculating the mean and RMS of the local background in the immediate vicinity of each source will give a much more accurate representation of the true background for each source. SEAC includes an option to change the size of the area used to calculate the mean and RMS of the local background but as a default uses a box of 4 × 4 arcseconds centred around each island. We note that the mean and RMS noise calculated from the local background do not include the pixels that make up the island. The associated error δF in the integrated flux density calculation is given by:
where the σ LB is the root mean square noise calculated from the local background and N LB is the number of pixels used to calculate the mean of the local background. We note that this does not account for any amplitude calibration error. This is combined with the SEAC error after source-extraction. The reliability of the integrated flux density of a given source, calculated in Equation 1, depends purely on the reliability of the floodfill algorithm. Each detected pixel contributing to the integrated flux density must give a fair representation of the true source on the sky. As a result, the integrated flux density measurement via this method has a dependence on the seed and flood threshold levels which dictate the detected pixel area of a given source.
Catalogues for cross-correlation
For the purpose of source identification, we required the use of previously published catalogues containing sources within the area of the sky covered by the Cyg OB2 association, from which a cross-correlation procedure could be performed. In the literature, a total of 36 published catalogues (including large-scale surveys) were found to harbour sources covering the same part of the sky as the COBRaS L-band observations (references regarding these 36 catalogues can be seen in Table 4 ). For ease of use, these were amalgamated into a single catalogue titled the Cyg OB2 super catalogue. Due to the vast number of sources found within catalogues 32 to 36 (as listed in Table 4 ), these five catalogues were not incorporated into the Cyg OB2 super catalogue. The total number of sources within the concatenated super catalogue from the remaining 31 catalogues is 14355 and covers an area 3 • in radius, centred on the coordinates of the Cyg OB2 association (as given in Table 1 ). This provided six individual catalogues (2MASS, WISE, HERSCHEL, SPITZER, G12, and the Cyg OB2 super catalogue) and over 10 5 sources with which to cross-correlate the sources found in our observations. Fig. 4 : Regions covered by the seven wide-field COBRaS L-band images on the sky. Each pointing centre is highlighted by a cross and labelled alphabetically from A to G.
Source-extraction methodology
We ran SEAC independently on the April 11 and 26 full-field images. As the final full-field images are large, for efficiency of Guarcello et al. 2012, (G12) RIZ 58415 * Radio Master catalogue is a combination of two previous catalogues from Dixon (1970) and Kühr et al. (1979) .
* * Galactic O star Catalogue was taken from Maíz-Apellániz et al. (2004) . * * * Simbad Database catalogue was constructed using a VO search with a radius of 24 arcminutes, centred on the Cyg OB2 association. † Each of these catalogues was derived from its respective large-scale survey using the NASA/IPAC Infrared Science Archive. The number of sources represent those within a 24 arcminute radius of the centre of the Cyg OB2 association.
processing they were divided into subimages to run SEAC. Each subimage was 2600×2600 pixels with an overlap of 100 pixels on each edge to ensure no sources were missed close to the edge of the subimage. The following describes the process applied in both cases to derive the final source list.
1. SEAC was run on each subimage with a seed threshold, σ s = 5.0 and a floodfill threshold, σ f = 3.0, with a minimum source size of 99% of the beam via an iterative script. The local noise map was produced at a resolution of 200×200 pixels. For the majority of the field this ensured the best trade-off between testing potential islands against the RMS calculated from their local pixels, thereby accounting for the change in noise level across the full field, and ensuring the area considered had a sufficient source-free contribution to provide a suitable RMS. 2. The SEAC output from each subimage was combined into one master table, resulting in a total of 52 and 92 islands in the April 11 and 26 images respectively. 3. These results were then inspected individually to assess the detection. In each case a number of islands were discarded because they contained potential artefacts in the image or were associated with areas of steep changes in the noise. The presence of the strong radio emission from Cyg X-3 beyond but close to the edge of the Lovell primary beam resulted in aliasing artefacts in the contribution from pointing G. Seven and four islands were discarded from April 11 and 26 data, respectively, as they appeared to be associated with these artefacts. There are regions within the full-field images where the noise level changes significantly over a relatively small region. Whilst this is mitigated in most cases by the use of the local noise background, there are areas where this resulted in potential false detections. In particular, regions where the local noise map covered the transition between the contributions from multiple overlapping images to a singular pointing in some cases resulted in pixels from regions of higher noise being identified against a relatively low local noise background calculation. This was also the case towards the edge of the full field where the primary beam response changes more rapidly. As a result, 9 and 17 islands were discarded from the April 11 and 26 data, respectively, (including one duplicate at the overlapping edge of two subimages). A further two islands were also discarded from the April 26 data as they were identified on the extreme outer edge of the full-field map as well as one from the April 11 data for the same reason. 4. Three and six islands were identified as duplicates from the April 11 and 26 data, respectively, where the same source had been identified in the overlapping region of two subimages. 5. Another three and eight were identified from the April 11 and 26 data, respectively, as being associated with other islands and part of the same source. 6. Whilst many of the sources are identified in both epochs, as SEAC was run independently on each epoch, several were detected in only one. For the majority, the single detections were made in the April 26 image as this is the most sensitive; however three were identified only in the April 11 image. 7. Further SEAC runs were performed with lower seed thresholds of 4.5σ and 4σ (with flood thresholds of 3 and 2.6σ respectively) to search for the counterparts of these sources, successfully detecting four in the April 11 image. This also identified a further three islands in the April 26 images with comparative properties to those identified in the primary SEAC run which have therefore been included in the final list. 8. The final catalogue contains 61 sources and is shown in Fig. A.1.
For an image containing 20000 × 20000 pixels (i.e. 4×10 8 ), with noise properties which can be represented by a Gaussian profile, approximately 225 of these pixels will have a value larger than 5σ. Furthermore, ∼ 1.056 × 10 6 pixels will have a value large than 3σ. Given the large image sizes, a certain number of false detections are expected particularly when considering the full-field mosaiced image. The floodfill algorithm within SEAC is expected to limit the number of false detections through the combination of the thresholding, source size, and local background calculation and this is further aided by the mosaiced combination of the images. The parameters used were chosen to minimise the number of false detections whilst detecting all sources present as determined by previous Monte-Carlo studies of the algorithm performance (Peck 2014) . As a result the majority of the observed false detections were found towards the outer edges of the full-field images where the noise level increases due to the response of the primary beam.
Results
COBRaS L-band All Source Catalogue
The COBRaS L-band All Source Catalogue (CLASC) consists of 61 objects from the maps produced from the COBRaS L-band observations. Of these 61 objects, 58 were detected in the April 26 images and 31 were detected in the April 11 data; 9 were found to have more than one component as detected with SEAC; 29 were found in both epochs; 3 were detected in only the April 11 data; and 30 were detected only in the April 26 data. Table A .1. The flux density errors are those taken from the SEAC output combined in quadrature with the amplitude calibration uncertainty, taken to be 10%. The positional uncertainties have been calculated from a combination of the error in measuring the flux density-weighted mean pixel position of each source and the positional error inherent to the radio interferometer. Where the object was detected in both epochs the position is taken from the April 26 detection.
Source identification
Each of the 61 detected objects was cross-correlated in turn with the Cyg OB2 super catalogue, the 2MASS, WISE, SPITZER, and G12 (Guarcello et al. 2012) catalogue. Each source was cross-matched to within an initial accuracy of 3.0 arcseconds in order to account for the large variety of observations that contributed to the Cyg OB2 catalogue. From the initial match, a total of 32 objects from CLASC were found to have positions within 3.0 arcseconds of at least one previously found object in the three cross-correlation catalogues. To validate these matches a method originally developed by De Ruiter et al. (1977) , and also used by Setia Gunawan et al. (2003) , was employed to find the likelihood ratio (LR) of a given match. The LR is defined as the ratio between the probability distribution of position differences between a source and its identification, dP id , and the probability distribution of the background objects, dP bg . Whilst we refer the reader to the full text within De Ruiter et al. (1977) , the least likelihood ratio, LR, is given as:
where r is the normalised separation between a source and its identification given by
where ∆α and ∆δ are the separation of the source and their COBRaS position in RA and Dec. Here, λ = πσ α σ δ ρ(b), which is the number of sources within an area corresponding to the size of the combined positional error in RA, σ 2 α = σ 2 αCLAS C + σ 2 αID and in DEC σ 2 δ = σ 2 δCLAS C + σ 2 δID . In order to derive the source number densities, ρ(b), and the positional uncertainties, the survey or observation associated with each identification was considered. Here, ρ(b) is the source density and is calculated in each case by taking the number of sources within the restricted catalogue and dividing by the area covered. In most cases, the catalogues for cross-correlation were limited to a radius of 24 arcmins centred on the central COBRaS pointing centre. Where this was greater than the area covered by the catalogue, ρ(b) was calculated using the full catalogue list and the area covered. Large values of LR imply a more probable detection.
The initial cross-correlation gave one or more identifications to 32 sources within CLASC. The well-studied sources within the sample (Cyg OB2 #5, A11, Cyg OB2 #12, Cyg OB2 #9 and Cyg OB2 #8A) had numerous identifications from within the Cyg OB2 super catalogue and only the most recent identifications from a given wavelength range (i.e. X-ray, IR, radio) were chosen. Having calculated the likelihood ratio for each initial identification, those with a value of LR 1 were discarded. This limiting value of LR ≈ 1 was also used in the Westerbork radio survey by Setia Gunawan et al. (2003) and represents a good compromise between claiming a false identification and missing a true identification. We note that all sources originally identified with those from Guarcello et al. (2012) have been discarded since for these identifications, LR << 1, which is due to a combination of the large number density of the survey and the small positional errors. Having discarded all identifications with LR 1, a total of 68 remained, corresponding to 27 of the 61 sources from CLASC. These are shown in Table A .2.
Source counts
A source count was performed on the CLASC (see Table A .1) by first binning each of the 61 sources by their flux densities (according to that derived from the April 26 observations except for those only detected in the April 11 images). The flux density bins were defined by first starting at the lowest flux density source (CLASC #39 with F 21cm = 68 ± 19 µJy) and incrementing in bins of 0.5 in log space (as was also used by Hopkins et al. 1998 ), which provided a good resolution whilst maintaining a suitable number of sources within each bin. The final bin however was made much larger to incorporate source CLASC #22, the highest flux density source in the sample at F 21cm = 15.55±1.57 m Jy. All of the bins are shown in Table 5 alongside the number of sources within them, N ν . This represents the number of sources within a given flux density range observed in a ∼ 0.48 × 0.48 deg area of the sky (i.e. that covered by the COBRaS L-band observations). This number is then converted into the number of sources per steradian, and divided by the bin width to obtain the differential source count dN/dS , which is normalised to those expected in a Euclidean geometry (i.e. an isotropic, static universe with a nonevolving population) by dividing by S −5/2 where S is the central flux density. This final value is shown in the last column of Table  5 .
For comparison, these differential source counts are plotted alongside those obtained from previous radio surveys at 21 cm in Figure 9 . These include those from the Westerbork continuum survey of Cyg OB2 by Setia Gunawan et al. (2003, blue triangles) and from a number of VLA observations presented in Condon & Mitchell (1984, yellow squares) . For sources below 1 mJy, the e-MERLIN 21 cm COBRaS observations led to significantly lower counts than those from Condon & Mitchell (1984) . This is likely due to the high resolution obtained with the e-MERLIN instrument meaning that these COBRaS observations are less sensitive to low-surface-brightness sources which are 'resolved out'. For sources with a flux density larger than 1 mJy, the derived source counts from the CLASC are in much better agreement with both of those from Condon & Mitchell (1984) and Setia Gunawan et al. (2003) .
Additionally, it is worth considering whether or not some of the 'missing' sources could potentially include the large population of YSOs likely to inhabit the Cyg OB2 association, which in contrast tend to have an angular size of up to a few astronomical units. The large population of stars in Cyg OB2 with masses down to below 1M revealed by the Chandra Cygnus OB2 Legacy Survey (Wright et al. 2014 ) has been comprehensively characterised in the optical and near infrared by Guarcello et al. (2012) and Guarcello et al. (2013) . It is of interest to understand whether or not any of the T Tauri stars in the region should have been detected by our survey.
The 3σ limit of ∼ 58 µJy/beam in the central regions of the field of view for our observations is equivalent to ∼ 2 × 10 17 ergs s −1 Hz −1 . This limit for the Cyg OB2 distance of 1.4 kpc converted to the distance of Orion (414 pc Menten et al. 2007 ) is 2.3 × 10 18 ergs s −1 Hz −1 . Comparing this with the Orion population of non-flaring low-mass objects studied at 4.7 and 7.3 GHz by (Forbrich et al. 2016, their Fig. 15,) we see that only three stars of their sample of 556 radio detections have peak radio luminosities that exceed this threshold. Moreover, the brightest objects all have spectral indices indicative of thermal emission. Extrapolating to the lower frequency L-band of the survey reported here would further reduce the expected observable flux densities. Our L-band survey thus appears to fall just short of the detection threshold of the large population of T Tauri stars in Cyg OB2 suggesting that they are unlikely to form part of the missing population of sources < 1 mJy. Extrapolating from Orion, the brighter, thermally emitting objects would be expected to be picked up in future higher frequency and higher sensitivity Cband observations. Given the area covered by this survey, we expect to detect a number of background galaxies based on previous L-band extragalactic surveys. It is possible to estimate the expected number within our field of view; however precise predictions are difficult given the variation in noise level across the field and the relatively high resolution of the COBRaS observations in comparison to most extragalactic surveys at this frequency (e.g. Miller et al. 2013) . The MERLIN+JVLA survey of the Hubble Deep Field (HDF) by Muxlow et al. (2005) detected 92 galaxies within a 10 × 10 arcmin field with resolutions of ∼ 0.2 -1.0". Assuming an average noise level of 29 µJybeam −1 from the COBRaS observations results in 17 HDF sources with flux densities ≥ 5 σ, implying that we would detect approximately 100 background sources within the total COBRaS field of view. However, the majority of the sources detected by Muxlow et al. (2005) are resolved and taking this into account reduces this number to approximately 10 -30 sources. Chi et al. (2013) also performed VLBI observations of the HDF and flanking fields (covering a slightly larger region than Muxlow et al. 2005 ) detecting a total of ten sources ≥ 5 σ. As the resolution of these observations is much higher, and assuming an equivalent distribution of sources in the COBRaS field, we would expect to detect all of these sources. Extrapolating this to the full COBRaS field would suggest we would detect approximately 32 extragalactic sources. 
Resolution analysis
With the high resolution offered by e-MERLIN, it is possible to determine the spatial extent of the identified sources. A complete analysis regarding the resolved nature of each of the 61 objects found within the CLASC was undertaken in order to further understand their spatial properties. A number of commonly applied methods have been used as resolution indicators and compared with the measured sizes in Table A .3, enabling a test of their suitability in determining resolution (something that is only feasible with a relatively low source count survey where individual source sizes can be obtained).
A comparison of the number of pixels in the source as measured by SEAC (to 3σ) and the number of pixels in the convolving beam size (measured at full width at half maximum; FWHM) is presented. Following Setia Gunawan et al. (2003) , we took sources with Area/θ beam > 1.9 as being resolved as indicated in Table A .3. Condon & Mitchell (1984, yellow squares) .
The ratio of the integrated flux density to the peak flux density is often used in large radio surveys as a measure of the resolution of the observed sources, following the relation
(see e.g. Huynh et al. 2005; Moss et al. 2007; Miller et al. 2013) where θ ma j and θ min represent the FWHM of the source and b ma j and b min represent the FWHM of the image restoring beam. The measured ratios for each of the sources for both epochs are listed in Table A .3 and are plotted in Fig. 10 versus S/N (S peak /σ). The upper and lower panels show the April 26 and April 11 data respectively. To determine which of our sources are resolved, we follow the methodology presented in Huynh et al. (2005) and define a lower envelope that contains ∼90% of the sources with S int /S peak < 1. The resulting line is mirrored around S peak = S int and is shown with a red dash line in Fig. 10 . The upper envelope for both epochs is given by
where m is 3.6 and 3.1 for the April 11 and 26 epochs respectively. Sources lying outside of this envelope are considered resolved.
The sizes of the sources in both epochs have also been determined using the AIPS task JMFIT to perform a 2D Gaussian fit to each source. The deconvolved FWHM values are listed in Table A.3. Where the source is heavily resolved or deviates significantly from a Gaussian morphology a largest angular size (LAS) has been measured (these values have not been de-convolved), measured to and from the 3σ level across the largest extent of the source. In order to provide a comparative metric to the other resolution estimates, the ratio of the measured area divided by the primary beam (i.e. the right-hand side of Equation 5) of each J. C. Morford et al.: The COBRaS 21 cm Survey of Cyg OB2 source is also listed. For sources with sizes measured from Gaussian fitting, the convolved major and minor axis have been used. For those sources with LAS measurements, these values were calculated using an average source size. Along with LAS, this was determined using a secondary measurement perpendicular to the LAS covering the smallest angular extent of the source. The full resolution information upon each of the CLASC sources can be found in Table A .3. Fig. 10 : Ratio of the integrated flux density to the peak pixel flux (S int /S peak ; see Table A .3) plotted against the S/N of each of the CLASC sources for the April 26 (top) and April 11 (bottom) epochs. The red dotted lines represent the boundary between resolved (outside the red dotted lines) and unresolved (inside the red dotted lines) according to the criterion described above. Several CLASC IDs have been omitted for clarity.
As expected, both methods for determining the resolution by directly examining the spatial extent as a function of beam size (i.e. via pixel ratios and size measurement ratios to the primary beam) provide close agreement of resolved and unresolved sources in general. If the same criteria of sources > 1.9 θ beam was applied (as is indicated in Table A .3) then a number of sources would be considered unresolved via the size measurements but resolved via the pixel count. For the April 26 observations, these two methods provide a total of 43 and 50 source components as resolved respectively. This tends to be the case for the compact sources with sizes measured via JMFIT and is possibly a reflection of the difference between measuring to the FWHM (for JM-FIT) and to the 3σ level for the SEAC pixel count. If instead the sources with Size/θ beam > 1 are considered as resolved, as is more commonly the case, then the numbers of resolved sources would agree more closely. The use of the ratio of S int /S peak as a measure for resolution is commonly used for large surveys containing hundreds to thousands of sources and the portion of resolved sources within any given survey is likely to better reflect that of the whole population. We consider it a suitable approach here, though with a total of 61 sources in the COBRaS April 26 data (31 for April 11) we will potentially suffer from low number statistics when applying this analysis. However, we find that the percentage of resolved sources using this approach compared to that from pixel counting is in very good agreement.
The COBRaS 21 cm detections
Identified objects
A total of 61 objects were detected in these observations, 27 of which were matched to previously identified sources at another waveband. These sources are discussed in turn below and grouped where possible according to any pre-existing classification. Previous radio observations from a Westerbork survey (Setia Gunawan et al. 2003 ) enable a comparison for a number of the identified sources and the observed flux densities have been summarised in Table 7 .
Single massive stars: CLASC #13
Radio observations can be used to determine the mass-loss rates of single massive stars whilst offering constraints on the degree of structure (or wind clumping) within their powerful stellar winds. This in turn can help to resolve current discrepancies in OB star mass-loss rates as inferred from different diagnostics (Fullerton et al. 2006; Puls et al. 2006; Sundqvist et al. 2010) .
Of the 27 previously identified objects detected within the COBRaS L-band observations, the only potential 7 single massive star detected is the hypergiant (and LBV candidate) Cyg OB2 #12, which is discussed in detail in Morford et al. (2016) . The mosaiced combination of the April 26 images presented here appears to reveal extended low-surface-brightness emission surrounding Cyg OB2 #12 that was not previously seen (see Fig.  B.1b) .
Based on the L-band dataset, Morford et al. (2016) presented constraints on the 21 cm flux densities of O3 to O6 supergiant and giant stars within the Cyg OB2 association to less than ∼ 70 µJy. Using the relation derived in Wright & Barlow (1975) and Panagia & Felli (1975) , these fluxes are translated into 'smooth' wind mass-loss upper limits of ∼ 4.4 -4.8 × 10 −6 M yr −1 for the O3 supergiants and < 2.9 × 10 −6 M yr −1 for B0 to B1 supergiants. The constraints support the model in which the (outer) wind regions sampled by these radio observations are less clumped than the inner wind regions (close to the stellar surface) that see the production of Hα emission. See Morford et al. (2016) for further details. 5.1.2. Massive star binaries: CLASC #6, 9, 31, and 33 From the identifications made in Table A .2, four of the objects detected within the COBRaS 21 cm observations are well-studied, multiple massive star systems. These include the O7.5iii-i + O/B system A11, the quadruple stellar system of Cyg OB2 #5, and the massive O star binaries of Cyg OB2 #8A and Cyg OB2 #9. All of these objects have previously been classified as particle accelerating colliding wind binary (PACWB) systems. Their spectral types and periodicities are shown in Table  6 (and are given by the references listed). The observed 21 cm emission from these objects is likely due to the production of non-thermal (synchrotron) emission as a result of a colliding wind region between the stellar winds of the two (or more) components within the system. Their detection within these COBRaS L-band observations highlights one of the great advantages of observing at such long wavelengths (21 cm), showing how sensitive this method can be to the non-thermal emission produced Table 6 : Positions and flux densities of the four massive star binaries as derived from the COBRaS L-band observations. The positions listed are a weighted position calculated by SEAC and taken from the April 26 observations. Similarly, the fluxes listed across both observation epochs were calculated using SEAC with seed and flood threshold levels, σ s and σ f equal to 5.0 and 3.0, respectively. within a colliding wind binary. A complete discussion on the 21 cm non-thermal emission detected from the massive multiple stars within these observations will feature in a separate paper.
Infrared counterparts
A number of the CLASC sources appear to have IR counterparts predominantly found in the Spitzer catalogue. Whilst several analyses based on colour-colour and colour-magnitude information have been performed previously (see e.g. Wright et al. 2010b; Guarcello et al. 2013) , it is useful to consider this specifically for the group of CLASC sources to provide further insight into the source type in each case. A total of 15 sources were identified as having Spitzer counterparts CLASC #6, 9, 13, 25, 28, 31, 33, 34, 36, 48, 50, 53, 56, 59 , and 60, though Spitzer magnitudes are not available in all bands for all sources (Beerer et al. 2010) . Of these sources, 6, 9, 13, 31, and 33 have been identified as binary systems. Guarcello et al. (2013) present several colourcolour and colour-magnitude diagrams as part of their multiwavelength analysis to distinguish disc stars and classify YSOs. They present a [3.6]-[5.8] versus [4.5]-[8.0] diagram (see their Fig. 2) distinguishing discs, photosphere stars, and galaxies. Reproducing this diagram for the CLASC sources was possible for CLASC sources 6, 9, 31, 33, 34, and 56. This shows #56 occupies a region of the diagram identified as containing disc stars and through the analysis in (Guarcello et al. 2013 ) was in fact identified as a class I YSO. Interestingly, this analysis would also suggest source #34 (identified as W14 4790 from Wright et al. 2014 ) lies in the overlapping region of photosphere and disc stars, with the remaining sources lying within the region considered to represent normal photosphere stars. Additionally, as part of their full analysis, Guarcello et al. (2013) also identify CLASC #60 as a class II YSO. Assessing the stellar sources further and following the K-diagram presented in (Comerón et al. 2002 , see their Fig. 1) , CLASC #34 appears to occupy a region well below that identified for the spectral type B0, suggesting that this is potentially a cooler-type object. Guarcello et al. (2013) also present a 4.5 versus [4.5-8.0] colour-magnitude diagram (see their Fig. 4 ). Reproducing this analysis for the available CLASC sources appears to suggest that #25, 28, 50, and 53 would be situated inside the locus identifying AGNs, suggesting that these could in fact be extragalactic sources.
CLASC: #3
Previously detected at a wavelength of 86 cm with a flux of 960 µJy (Martí et al. 2007 ), this source is detected in the April 26 observations with a flux density of 255±43 µJy, providing a steep spectral index of α = −1.66. The object is marginally resolved within the COBRaS April 26 observations with a slight elongation in the east-west direction. An extragalactic or Galactic origin for this source cannot be determined from these COBRaS L-band observations alone.
CLASC: #7
This relatively bright radio object has been detected with a 21 cm flux density of 3.64 ± 0.39 mJy and 3.81 ± 0.40 mJy for the main component (7a) in the COBRaS April 26 and 11 observations, respectively. This suggests no variability in the 21 cm emission of this object over the 15 day period. This source has previously been detected at both 6 and 21 cm with the VLA at flux densities of 1.9 ± 0.4 mJy and 3.3 ± 0.5 mJy, respectively (Martí et al. 2005) , in good agreement with the 21 cm flux densities found here. Martí et al. (2005) were searching for possible 'hot spots' associated with the relativistic jets produced from the 'nearby' micro-quasar Cygnus X-3. These latter authors propose that the emission detected as source #7 in this work is indeed a hot spot candidate (HSC) and is associated with the X-ray binary despite lying at an angular distance of 7.07 to the north. Martí et al. (2005) also detect a second HSC lying 4.36 to the south of Cyg X-3 (and therefore not within the field of view covered by these COBRaS observations), which in combination with source #7 forms an almost perfect alignment with the micro-quasar at a position angle of 1.8 • ± 0.4 • . This is in agreement with the position angle of the inner arcsecond radio jet (2.0 • ±0.4 • as measured by Martí et al. 2001 ). Moreover, the asymmetry observed between the north and south HSC is also similar to that observed in the inner jet components (Martí et al. 2005) .
The CLASC detection of this source has two potential components. The secondary component (7b) is detected at > 5σ only in the April 11 image, though appears to be associated with lowlevel emission surrounding the main component (7a), which is present in both epochs. 7a is offset by only 0.144" and within the ∼ 0.2" uncertainty for the VLA observations taken in 2000 (Martí et al. 2005) . Cyg X-3 is outside the primary beam of the Lovell antenna covered by COBRaS 21 cm G pointing and does not feature in the full-field image. As a result, its positional in-formation cannot be determined, with which the proper motion of the HSC in relation to Cyg X-3 could have been investigated. From the images in Fig. 6 , it is clear that the main component of #7 appears to be fairly resolved within both epochs of the COBRaS L-band observations. However, the morphology represents a spherically symmetric source. If this source is indeed associated with the micro-quasar Cyg X-3, then the detected 21 cm emission (or at least part of the emission) must be the result of synchrotron radiation produced from the particles within the relativistic jets of a micro-quasar that lies ∼ 14.8 parsecs (at a distance to Cyg X-3 of 7.2 kpc; Ling et al. 2009 ) from its position. Whilst the symmetry with a second HSC to the south and their relation to the properties of the inner jets of Cyg X-3 corroborate this hypothesis, these 21 cm COBRaS observations do not provide a conclusion as to the true nature of this object. However, given the resolution of these observations and the potential for the full jet region to contain large areas of low-surface-brightness emission, it is possible in this case that the emission in #7 represents only the strongest region of emission.
CLASC: #10
This object is detected in both epochs, though with a significant change in flux density over the 15-day separation changing from ∼222 to 597 µJy. Whilst falling short of the required likelihood ratio in the cross-correlation (LR=0.4, required > 1), this source lies close to a previously detected radio source from Martí et al. (2007, offset by 1.97 ). If these are indeed the same source, the 86 cm flux density of ∼1.45 mJy (Martí et al. 2007 ), in combination with the 21 cm COBRaS flux density, implies a negative spectral index of α = −0.6. However, this assumes that the object is not radio variable. Additionally, source #10 has been matched to a source from the Chandra X-ray observations of Wright et al. (2014a) with a value of LR = 2.3. The object therefore emits at both X-ray and radio wavelengths. Its radio spectrum is likely non-thermal suggesting the presence of synchrotron radiation whilst its 21 cm emission has been observed to vary over a period of ∼ 15 days. The strong non-thermal radio spectral index and the lack of a 2MASS counterpart would seem to argue that this is an extragalactic source rather than a massive star binary system.
CLASC: #11
This object has been identified with source SBHW 81 from the previous radio observations by Setia Gunawan et al. (2003) with a very high LR. Source #11 (SBHW 81 hereafter) is resolved in both of the COBRaS epochs with a secondary component detected in the April 26 data at > 5σ. The main component appears to be extended with a slightly elongated structure to the northwest and southeast (see Fig. B.1a ). With no detection at 86 cm from the observations of Setia Gunawan et al. (2003), those authors classified SBHW 81 as type S/O (stellar/other) suggesting a Galactic origin. Furthermore, they detected this object at 21 cm with a flux density of 3.6 ± 0.5 mJy. The two 21 cm fluxes measured with e-MERLIN vary over the two epochs with the lower value in the first and higher value in the second epoch (please see  Table 7 , which shows the comparison of all sources coincident with SBHW sources from Setia Gunawan et al. 2003) . Despite the differences in sensitivity and likely in u, v coverage between these three observations, the variation between the flux densities is significant. Gunawan et al. (2003) . Where sources have been detected with multiple components (11, 12, and 47), a combined flux density is included. The spectral index is that calculated between the S 86 cm flux density and the CO-BRaS April 26 S 21 cm flux density, except for CLASC #52 which lists the upper limit from Setia Gunawan et al. (2003) . Fig. B .1a, this source shows a huge amount of extended structure. The observations taken on April 26 resolve three different components to the system. Summing the measured flux densities of each of the detected components results in a total 21 cm flux density of 6.31 ± 0.48 mJy. Whilst readily detected in the April 11 observations they only resolve the main component (CLASC # 12a) and partially detect component 12c with a lower total flux density (see Table 7 ); though if taken to be the same components in both epochs the peak positions have shifted in both cases. As the source is clearly resolved, the difference between the two epochs is potentially due to the different sensitivities resulting in missed lower-surface-brightness emission in the April 11 epoch. It is also possible that the difference in spatial scales sampled by their u, v coverages, particularly for the inner baselines (largely as a result of observing time differences and missing telescopes), contributes to this effect. The observations of Setia Gunawan et al. (2003) report flux densities at 21 cm and 86 cm of 8.4 ± 0.5 mJy and 62 ± 3 mJy, respectively, for SBHW 83. Whilst this 21 cm flux density is comparable to that found from the April 26 COBRaS observations (we highlight the fact that the object is unresolved in the observations from Setia Gunawan et al. 2003) , the high 86 cm flux density in combination with the 21 cm flux density derived here results in a negative spectral index, α = −1.6; we note that this is likely a lower limit for the spectral index since the COBRaS observations are still likely missing flux on large spatial scales in comparison to the observations from Setia Gunawan et al. (2003) . This source was also detected in the GMRT 150 MHz survey with a flux density of 96.5±8.5 mJy (Intema et al. 2017) . Taken alongside these observations, this also implies a steep spectral index of ∼ −1.2. The non-thermal radio spectrum and extended morphological features suggest that SBHW 83 is most likely extra-galactic in origin as it appears to be lacking any infrared or optical counterpart. More explicitly and with reference to Fig. B.1a , from a morphological perspective, the source appears to show a bright core (i.e. ID: #12a) and further emission representing bipolar jets to both the north and the south.
CLASC: #17
This is a relatively faint point-like source as seen in the CO-BRaS April 26 observations and has been identified with a previous radio detection from Martí et al. (2007) . Combined with the 0.67 mJy flux density at 49 cm, this suggests a steep spectral index of ∼-1.4. Given the low flux density observed in the April 26 observations, this source was unlikely to be detected in the April 11 data as a result of the higher noise. Therefore, whilst it cannot be ruled out completely, the observations do not suggest any significant variability on these timescales.
CLASC: #22
CLASC #22 has also been detected previously by Setia Gunawan et al. (2003) and is identified as SBHW 90 with measured flux densities at 21 cm and 86 cm (see Table 7 ). This is the brightest source detected in these COBRaS observations with a total flux density of ∼15.9 mJy in the April 26 data. Whilst the April 11 flux density is slightly lower, it is well within the errors of the two observations and is therefore considered consistent. A secondary small component to the east of #22a is however only detected in the April 26 data and is likely a result of the higher sensitivity (see Fig. B.1b ) . The main component of this source is highly resolved in these observations, showing significant elongation from the northwest to southeast direction, highly indicative of a potential jet structure.
The observed flux density is in good agreement with that of the 21 cm detection from the lower resolution observations in Setia Gunawan et al. (2003) , suggesting that there is no strong long-term variability and/or that we are recovering the majority of the emission.
Setia Gunawan et al. (2003) determine a 21 cm flux density of 19 mJy when convolved with the same beam size as their 86 cm observations and hence derive a negative spectral index, α = −0.77 for SBHW 90. Using our 21 cm flux density instead only confirms the likely steep spectrum nature of this source, providing an estimate of α = −0.89. This source was also detected in the GMRT 150 MHz survey though below the 7σ threshold (24.5 mJybm −1 ; Intema et al. 2017) . Similarly to ID#12 (SBHW 83), the highly resolved nature of CLASC #22 (SBHW 90) alongside its negative spectral index and lack of IR or optical counterpart suggest an extragalactic origin for this source.
CLASC: #25
CLASC #25 is detected in both of the COBRaS 21 cm epochs as a compact source varying slightly from ∼ 0.57 to 0.90 mJy. The object appears marginally resolved in both epochs with S to beam ratios of 1.4 and 4.4 from April 11 and 26 data, respectively (Fig. 6c ). In combination with potential differences in u, v coverage sampled by either observation and the small difference between the flux densities, this implies that this source is not significantly variable over the 15-day interval. CLASC #25 has only previously been detected within the X-ray observations of Wright et al. (2014a) as a point source within their Chandra Legacy survey of the Cyg OB2 association. With no optical counterpart and a hard X-ray spectrum (as inferred from Wright et al. 2014a ), this object is likely to be extragalactic in origin, which is supported by its relative positioning on the IR colourmagnitude diagram (see section 5.1.3).
CLASC: #28
This object has previously been detected with the Spitzer Space Telescope at wavelengths of 4.5, 5.8, 8.0, and 24 µm. It is detected in the COBRaS observations as a marginally resolved compact source showing no variability with an average flux density of ∼0.45 mJy. Since it appears both faint and compact in these COBRaS observations (see Fig. B.1c ) and has been detected in the IR, it is possible that this object is situated within the Galaxy and is a potential member of the Cyg OB2 association. However, when plotted on an IR colour-magnitude diagram, it is situated in a region associated with AGN, and therefore could instead be extragalactic (see section 5.1.3).
CLASC: #34
CLASC #34 is a faint detection in only the April 26 data with a flux density of ∼100 µJy. It is likely too faint to be detected in the April 11 data. However, this source has been matched to a number of different catalogues with small positional offsets and high likelihood ratios (see Table A .3 for details), suggesting that it has optical IR and X-ray counterparts. Combined with the low radio detection, this source is likely of Galactic origin.
CLASC: #36
CLASC #36 appears to be partially resolved in both epochs and changes significantly in flux density over the 15-day period from ∼0.4 to 1.1 mJy. Furthermore, whilst not detected at > 5σ, there appears to be potential lower surface brightness emission associated with this source in both epochs at the level of ∼ 4σ, suggesting that higher sensitivity observations may reveal a larger source extent (see Fig. B.1e ). Additionally, this object has been detected in the IR by the Spitzer Space Telescope at both 3.6 and 4.5 µm, suggesting a potential Galactic origin for this object.
CLASC: #40
This object has also previously been detected at X-ray wavelengths during the observations of Drake (2009) and Wright et al. (2014a) and is observed here with 21 cm flux densities of ∼0.23 and 0.35 mJy in these COBRaS observations. Whilst differing slightly, with a relatively low flux density, this object does not appear to show any significant variation over the timescale of 15 days. Moreover, the object appears only partially resolved in the April 11 observations and slightly more so in the those of April 26. Similarly to CLASC #25, this object has no optical or NIR counterpart; this, in combination with its hard Xray spectrum suggests that this source is extragalactic in origin.
CLASC: #47
CLASC #47 is another object with a previous radio identification; SBHW 109 from Setia Gunawan et al. (2003, see Table 7 for a comparison). It is only fully detected in the April 26 epoch of the COBRaS observations and is found to contain two components, one to the south (47a) at a 21 cm flux density of ∼2.3 mJy and another to the north (47b) at a flux density of ∼1.3 mJy. The position given by Setia Gunawan et al. (2003) lies approximately equidistant between these two components. With a derived 21 cm flux density of 3.0 ± 0.5 mJy from Setia Gunawan et al. (2003) , it is clear that the COBRaS observations are resolving out the majority of the radio emission associated with the source. The images shown in Fig. B.1g clearly supports this, showing the emission to be highly distributed in both components; this is likely the reason for the only marginal detection in the lower sensitivity April 11 epoch. With no known detection of the source at other radio frequencies no spectral index information can be obtained. From a morphological perspective, this source resembles the radio emission from bi-polar jets associated with an AGN and is therefore likely of extragalactic origin.
CLASC: #50
This object is another that was identified within the radio observations of Setia Gunawan et al. (2003) . Otherwise referred to as SBHW 110, this source is detected in both epochs of the COBRaS observations (see Fig. B.1g ). The 21 cm flux density of SBHW 110 is stable over the 15-day period with an average flux density of ∼3.8 mJy. Setia Gunawan et al. (2003) measure a lower 21 cm flux density (see Table 7 ), suggesting potential long-term variability which could also explain the lack of detection at 86 cm. The authors suggest the emission is likely thermal in nature and postulate that the source is of a Galactic origin. Within the COBRaS observations, SBHW 110 appears to be almost spherically symmetric and is relatively well resolved with S to beam ratios of 2 and 5 in April 11 and 26 data, respectively. There also appears to be some low-level emission within the immediate vicinity of the source; however this is very close to the noise. There currently exists no other detections of this source at any other frequencies within the literature. With no spectral index information and no significant variability over a short timescale (i.e. 15 days), it is difficult to determine whether or not this object is associated with our Galaxy. However, according to the Spitzer magnitude data, it potentially sits within a region occupied by extragalactic sources (see section 5.1.3).
CLASC: #51
CLASC #51 is detected with a relatively modest flux density of ∼90 µJy in the April 26 observations, though has been identified with a hard X-ray source from Wright & Drake (2009) . With no optical or IR counterpart this would potentially suggest an extragalactic origin; though with such little information, this is not conclusive, especially considering the low radio flux density observed.
CLASC: #52
CLASC #52 appears to be resolved in both of the COBRaS observation epochs and shows a slight deviation from spherical symmetry due to elongation to the northwest and northeast within the April 11 and April 26 observations, respectively. This source has been identified with SBHW 112, another object first detected within the radio observations of Setia Gunawan et al. (2003) . The 21 cm flux density of SBHW 112 is found to vary over the 15-day interval from around 2.4 to 3.2 mJy. Setia Gunawan et al. (2003) find a slightly lower 21 cm flux density (see Table 7 ) suggesting potential longer term variability as well; however they are unable to detect the source at 86 cm. The authors conclude that the object is likely to be found within the Galaxy and of a stellar nature.
CLASC: #53
CLASC #53 is detected as two compact components in the April 26 observations both with flux densities around ∼200 mJy.
Whilst relatively faint, the lack of detection in the April 11 data does hint at potential variability. Furthermore, this object has been identified with an IR counterpart detected at 4.5 and 8.0 µm suggesting a potential Galactic origin for this source.
Similar two-component systems have been observed within these COBRaS observations, such as the PACWB system of Cyg OB2 #5 for example. With an angular distance between the components of ∼1.0 , this object could indeed resemble a multiple star system (such as Cyg OB2 #5), where the two components are in fact non-thermal radiation from a CWR. However, additional radio observations (i.e. COBRaS 6 cm) are clearly required to determine the spectral index of the system in order to further investigate the nature of this object.
It is worth noting however that an extragalactic origin cannot be ruled out for this source as when plotted on an IR colourmagnitude diagram, this source is potentially situated alongside AGN sources (see section 5.1.3).
CLASC: #56
This object has been identified as a source from the catalogue from Guarcello et al. (2013) with a LR ≈ 533. This catalogue of proto-planetary disc stars within the Cyg OB2 association was compiled from a combination of observations from various IR surveys including in particular those from the Spitzer space telescope at 3.6µm, 4.5µm, 5.8µm, 8.0µm, and 24µm (Beerer et al. 2010) . Guarcello et al. (2013) determine an IR spectral index of α IR = 0.547 for the source and classify it as a class i YSO through colour-colour analysis (see section 5.1.3 for further discussion).
CLASC #56 is detected in the COBRaS observations in both epochs, though was detected with a low SEAC seed threshold of 4σ in the April 11 data and appears to increase in flux density from ∼0.17 to 0.65 mJy between the two observations. In the April 26 image it appears relatively well resolved with a source size to beam ratio (Size/θ beam ) of 4.39 and shows a slightly elongated morphology to the east (see Fig. B.1i ). The faint detection in the April 11 observations appears to be accompanied by potential further emission to the north of the source. There is a slight difference between the u, v coverage of pointing C (providing the main contribution) between the two epochs and as a result the variation in the flux density between the two epochs may not be significant. Further observations are required to derive its radio spectral index, from which a comparison can be made to that expected of a class i YSO.
CLASC: #57
CLASC #57 has been detected in the COBRaS April 26 observations with a 21 cm flux density of 419µJy, using a SEAC seed threshold of 4.5σ courtesy of its low peak flux density. It is not detected in the April 11 epoch courtesy of the decreased sensitivity of these observations and the inherently low 21 cm flux density associated with the source (and thus no variability can be found between the two epochs). Furthermore, as can be seen in Fig. 8 the object appears to be a heavily resolved low-surfacebrightness source and its true integrated flux density may well be much greater than measured here. This source has been identified with an X-ray counterpart within the observations of Wright et al. (2014a) and also as a 2MASS object (Cutri et al. 2003) , both with a high likelihood ratio. From the 2MASS observations, its position on the J-H versus H-K plot does not lie within the region covered by hot (OB) stars and therefore suggests a cooler type of object. However, the resolved nature of the radio emission may not be consistent with a pure stellar identification. It is likely however, that this source is of Galactic origin and possibly a member of the Cyg OB2 association.
CLASC: #59
This object has been detected in the April 26 epoch of these observations with a flux density of ∼2.5 mJy and appears highly resolved (see Fig. B.1i) . Surprisingly, the object is only detected within the April 11 epoch with a flux density of ∼0.35 mJy (detected using a SEAC seed threshold of 4.5σ). This short-term, large-scale variability implies this object is a transient source (see Section 5.3 for further discussion). Additionally, CLASC #59 has also been detected with the Spitzer Space telescope at 3.6 and 4.5 µm. The lack of any X-ray counterpart and a previous IR detection argue in favour of a Galactic origin for this object, which is perhaps also a member of the Cyg OB2 association.
CLASC: #60
This source is only detected in the April 26 data as a result of its relatively low flux density of ∼150 µJy. It is however identified with a source from the proto-planetary disc star catalogue from Guarcello et al. (2013) with a high likelihood ratio LR ≈ 533. This catalogue combines a number of IR surveys that detect this source at 5.8, 8.0, and 24 µm giving an IR spectral index of ∼1.9. The authors classify this object as class ii YSO, one of around 1300 identified in their survey.
CLASC: #61
CLASC #61 has been identified with a source from the X-ray point source catalogue of Wright et al. (2014a) with a LR value of ∼ 383. It has been detected in the April 26 epoch with a flux density of 1500µJy and appears resolved with a S over beam ratio of 6.88. As can be seen in Fig. B.2c , the object appears elongated in the southwest to northeast direction with a small amount of structure extending also to the north of the source. Interestingly, despite its relatively large measured flux density in the April 26 observations, CLASC #61 is not detected at all within the April 11 observations. From this epoch, a 3σ upper limit of 231µJy is placed upon its flux density. The source is located towards the very eastern edge of the full-field images, explaining the large local RMS values of 77 and 45 µJy in the April 11 and April 26 observations respectively. These COBRaS observations show that the 21 cm emission from CLASC #61 is highly variable over a 15-day period. The fact that this variation is so large over such a short period of time suggests two possible scenarios for this source. It is either a short-period massive star binary whose colliding wind region (CWR) gives rise to a large amount of non-thermal (synchrotron) emission which is subsequently reduced (i.e. due to a large amount of free-free absorption along the line of sight) a short time later at a different orbital phase, or a flaring event due to a pre-main sequence type object. Whilst the presence of a strong variable IR detection is not a pre-requisite of a colliding wind system (Dougherty et al. 1996, e.g. WR146) , the apparent lack of any IR or optical counterpart for this source would however make a CW unlikely. It is clear that further observations are required in order to decipher the physical properties of this object.
Unidentified objects in CLASC
Of the 61 sources detected within the COBRaS L-band observations, 34 were found without any previous identification. With measured flux densities at a single frequency, no spectral index information can be obtained for these objects. The April 11 observations provide 13 of the unknown sources (14 including separate components) with a second flux density measurement. For the remainder, one must rely on a 3σ upper limit on the flux density to make a comparison between the two epochs. Due to the difference in the u, v coverage between the two COBRaS observations (courtesy of differing integration times, missing telescopes, and data excision), the resulting images will be sensitive to different spatial scales on the sky. Therefore, for those sources that are resolved, that is, those with a source size to beam (in pixels) ratio of 1.9, this must be taken into consideration when comparing flux densities 8 . However, the image-plane mosaicing performed should aid in this regard, providing more combined coverage than a single pointing. Table 8 shows the flux densities (or 3σ upper limit on the flux densities) and their S to beam size ratio of the unknown sources across both observational epochs. The only possible classification of these sources at this juncture must come from a qualitative assessment of their morphologies. Each source has been categorised according to the shape of the detected 21 cm emission across both epochs where possible. Objects with a spherical or slightly elongated structure have been denoted 'S/E' whilst those representing a 'bow-shape'-like structure have been denoted 'B'. Sources in between either morphology have been given an 'E/B' morphological type and finally those sources with extended structure are given an 'Ex' type. A bow-shapelike structure is perhaps indicative of non-thermal (synchrotron) emission as a result of the collision between two massive star winds. This was found to be the case for Cyg OB2 #9 when imaged with the VLBA. This latter object is now known to harbour a CWR between its two massive star components (see Dougherty & Pittard 2006) . Extended structure on the other hand is more likely to indicate a possible extragalactic origin for a given source since large-scale extended radio emission is readily observed in AGN and radio galaxies.
Of particular note amongst the unidentified sources is #41 which, particularly in the April 26 images (see Fig. B.1f ), shows a striking potential jet morphology. Whilst little can be currently said about its true nature, this latter information, combined with a lack of identification with any known IR or optical source, suggests that #41 is likely a radio galaxy.
Transient objects
In regards to the radio variability of objects within CLASC, there exist two objects which stand out from the rest with flux densities that vary between epochs by 5. These are object IDs #60 and #61. Additionally, these objects are both heavily resolved in the April 26 images and show large amounts of extended emission at 21 cm, similar to the case of CLASC #22 (i.e. SBHW 90).
Short-period PACWB systems could potentially give rise to radio variability of these timescales, however they are generally seen to be compact objects, as evidenced by the four known PACWB systems detected in these e-MERLIN observations. Moreover, if these objects were indeed PACWB systems, such rapid variability (as observed) would suggest either a highly elliptical orbit or that the orbital separation is within the radio photosphere (and is therefore subject to a vast amount of free-free absorption). Young stellar objects are also known to be transient radio sources with Forbrich et al. (2008) for example showing variations of ≥ 40 mJy in flaring YSOs over timescales of approximately 4 hr. The similarity in the extended morphology and rapid 21 cm flux density variations of these transient objects is suggestive that they are all of a similar nature. Follow-up observations are vital in order to decipher the puzzling physical attributes observed in these systems.
The majority of the sources in the April 26 observations are detected at higher flux densities than in the April 11 data. In some cases (24 sources) the April 26 detections have a flux density ≤5σ in the April 11 data and would likely not be detected with SEAC. There are also six sources that have April 11 flux densities roughly equal to or greater than the April 26 values. Unfortunately, there exists no detected source whose radio flux density can be reliably deemed to be constant between the two observational epochs. As a result, it is difficult to test the reliability concerning the observed variation of a number of sources within CLASC. In order to check the absolute amplitude calibration we applied it in two ways. We followed the process for each epoch separately, that is, using the amplitude calibrator to derive the flux densities for each independently. We also used the calculated calibrator flux densities from the April 26 data to set the values in the April 11 dataset during the amplitude calibration. The latter is the final solution we opted for on the basis of consistency between epochs and the better data quality of the April 26 observations. However, both of these routes provided very close resulting flux densities (within errors). It is therefore Article number, page 21 of 41 A&A proofs: manuscript no. morford_2017_astroph unlikely that the general trend of lower flux densities in the April 11 epoch is a result of the amplitude calibration.
One possibility that could account for some observed flux density variations between the two epochs is the difference between the u, v coverage and resulting sensitivity of the data sets. For a number of pointings there is a significant difference in the regions in the u, v plane sampled by either epoch. As discussed in section 2 this is due to differing observing times as well as missing antennas as a result of telescope problems and RFI. For compact, unresolved sources, this is not generally considered to be a problem. However, the majority of sources detected in CLASC are resolved and contain extended structure. In these cases, an under-sampled u, v coverage will lead to images that are sensitive to flux on fewer spatial scales resulting in a net lowering of the integrated source flux density. The sensitivity of the images comes into play when considering the pixel-by-pixel fluxextraction method implemented by SEAC. For low-S/N sources, the true extent of the source can often be hidden within the noise of the image, and as a result their flux is underestimated. This however, is only the case for low-S/N sources (i.e. S/N ≤ 7; Peck 2014) . This is also unlikely to be the cause of the variability for the two transient sources discussed above which lie predominantly within pointing C. The u, v coverages for this pointing in both epochs are very similar both in spatial extent and coverage meaning that this is unlikely to account for their variation in flux density. Given the similarities between the observed properties of these transient objects, this may also suggest that differences in coverage is not the cause of variability for the majority of these sources.
Summary and conclusions
The COBRaS 21 cm observations were acquired during 2014 over two epochs separated by ∼ 15 days. The observations consist of seven overlapping pointings covering an area of the sky of ∼ 0.48 • × 0.48 • centred on the core of the Cyg OB2 association. Following wide-field imaging, primary-beam-corrected, full-field mosaics were produced at each epoch. Source extraction was performed using a purpose-built source-extraction algorithm called SEAC, which uses a floodfill algorithm to detect and measure the positions and integrated flux densities of any group of associated pixels, or 'islands', above a given threshold level. In total, 61 individual sources were detected within the 21 cm COBRaS observations. 30 of which were detected within both epochs, and a total of 27 were matched to previously identified sources from various surveys, catalogues, and observations from within the literature.
Five of the identified sources include the massive star (and LBV candidate) Cyg OB2 #12, the observations of which are discussed at length in Morford et al. (2016) . Discussion of the known massive star binary systems Cyg OB2 #5, Cyg OB2 #8A, Cyg OB2 #9, and A11 is deferred to a future paper. No known single massive stars (with the possible exception of Cyg OB2 #12) were detected within these COBRaS 21 cm observations (Morford et al. 2016) . Clearly, our observations are sensitive to the non-thermal emission from colliding wind binary systems. Each of the 23 remaining identified objects (excluding the five massive star objects) have been discussed individually and suggestions as to their origin (i.e. either Galactic or extra-Galactic) have been made (where possible) by considering their flux densities between the two epochs, the extent to which they are resolved, their morphology, and their previous identification(s). For the 61 detected objects, we summarise the following findings:
(i) Five (CLASC #3, #17, #50, #51 and #61) are of an unknown origin based on these COBRaS observations alone.
(ii) CLASC #7 however has been previously suggested as a hot spot candidate (HSC) associated with the relativistic jets of the micro-quasar Cyg X-3.
(iii) Six (CLASC #10, #12, #22, #25, #40, and #47) are suggested to be of an extragalactic origin, perhaps associated with an AGN. This hypothesis was based on their extended morphology, a lack of any significant variability between the two COBRaS 21 cm observation epochs, and any potential X-ray spectrum as determined by previous observations.
(iv) Nine (CLASC #7, #11, #28, #34, #36, #52, #53, #57 and #59) are likely situated within our Galaxy since they have either been matched (to a confident likelihood ratio) to at least one previous source also thought to be Galactic, or they have been found to vary significantly in their 21 cm flux densities between the two COBRaS observation epochs. Furthermore, of these nine objects:
(a) Two sources are identified with YSOs. CLASC #56 is a confirmed class i YSO and CLASC #60 a class ii from the work of Guarcello et al. (2013) . (b) CLASC #61 shows extreme variation (an increase by a factor > 6.5) in its 21 cm flux over the 15-day period between epochs, which is reminiscent of a possible flaring event in a pre-main sequence type object or a potential small-period massive star binary system imaged at significantly different orbital phases. (c) Three objects (CLASC #11, #50, and #52) are consistent with the non-thermal 21 cm emission observed from massive star binaries or YSOs. (d) Only one (CLASC #57) was matched to a source from the 2MASS survey, however its position on the J-H vs. H-K diagram does not lie within the region covered by the OB candidate stars.
(v) Two objects, IDs #57 and #61, share the same properties and have been labelled as transient objects since they appear as bright (> 1 mJy), resolved objects in the April 26 epoch yet are undetected 15 days earlier in the observations taken on April 11.
(vi) Thirty-three sources have been detected for the first time. A qualitative assessment of their morphologies has been made and is presented in Table 8 . However, without further information, a limited number of conclusions can be drawn for these objects.
The COBRaS C-band observations are anticipated to commence early 2020 and will provide 6 cm flux densities down to 1σ sensitivities of ∼ 3µJy. These data will provide spectral index information for the 41 sources detected within the L-band observations, which will lead to a more quantitative assessment of the nature of each object.
For those sources detected with an X-ray counterpart from the Chandra observations of Wright et al. (2014a) , a comparison can be made between their X-ray and radio luminosities. Some of these objects have been branded as potential YSOs, extragalactic objects, or potential massive star binary systems. A comparison between their 21 cm flux densities and X-ray luminosities may enable differentiation between these possibilities by comparing the two values to that predicted from the Gudel-Benz relation (Benz & Güdel 1994) for active stars. It is clear that both the unknown and previously identified sources will benefit from follow-up observations in order to better monitor their radio variability, which will provide further evidence regarding their nature. Notes: other identifiers -Cyg: Schulte (1958) Table A .1 is accompanied by the following information.
-Column (1): the identification number given to the sources from this work, sequentially increasing in order of right ascension (RA).
-Column (2): any other identifier the source may have from a previous identification.
-Column((3)- (4)): the J2000 positional information of each source as measured from the April 26 observations. Each position was calculated from SEAC by taking a weighted mean of the detected pixel area (see Section 3.1.3). The positions are all accurate to < 0.032 arcseconds in both RA and DEC.
-Columns(5)- (7): the integrated flux density, F 11 th and its associated error in µJy, the 1σ RMS noise level, σ 11 th , within an 3" radius surrounding the edge of the source and the S/N (F p /σ 11 th , where F p is the peak flux density) of each of the sources detected at 21 cm from the April 11 observations.
-Columns(8)-(10): the same as for columns (5) − (7) but in relation to the objects as detected within the 21 cm observations taken on April 26. Table A .2 is accompanied by the following information:
-Column(1): the ID number of each source from CLASC as given in Table A. 1.
-Column(2): any existing common identifier, the references for which are as follows: 'Cyg #': Schulte (1958) ; 'A11': Comerón et al. (2002) ; 'SBHW #': Setia Gunawan et al. (2003) .
-Column (3): the offset between the position of the CLASC source and that of the identification in arcseconds.
-Columns(4)- (6): the calculated values of λ, r and LR (see Equation 3 ).
-Column (7): the reference to the observations or survey from which each identification is taken (see footnote of Table A .2).
-Column (8): any additional information regarding the flux density, magnitude, or X-ray flux of each identification. CLASC Area/θ beam S int /S peak θ ma j θ min /b ma j b min Angular Size ( ; 11 th ) Area/θ beam S int /S peak θ ma j θ min /b ma j b min Angular Size ( ; 26 th ) ID 11 th 11 th 11 th Major Axis Minor Axis 26 th 26 th 26 th Major Axis Minor Axis (1)
(2) (3) (4) (5) (6) (7) (8) (9) (10) - --------1.13 (N) 0.79 (N) 1.78 (N) 0.19±0.08 0.12±0.08 61 --------6.88 (Y) 3.97 (Y) 7.55 (Y) 0.57 LAS Notes: Size/θ beam has been measured within SEAC (i.e. down to a level of 3σ) and gives a quantitative measure of the source size in pixels compared to that of the beam size (θ beam ). Major and minor axis measurements when given are deconvolved. LAS is the convolved largest angular size. Table A .3 and is accompanied by the following information:
-Column (1): the ID number of each source from CLASC as given in Table A. 1.
-Columns(2) and (7): the source area (S : in pixels) divided by the beam area (θ beam : in pixels), as measured by SEAC for the sources detected in the April 11 and April 26 epochs respectively. An indication of whether each source is resolved (Y) or not (N) is given in brackets following each measurement.
-Columns (3) and (8): the ratio of the integrated flux density (S int ) to the peak pixel flux density (S peak ) of each of the CLASC sources (as measured by SEAC), for the April 11 and April 26 epochs respectively. Similarly to columns(2) and (7), an indication of whether each source is resolved (Y) or not (N) is given in brackets following each measurement (please see to Figure 10 for further information).
-Columns (4) and (9): the convolved angular area of each CLASC source as measured from JMFIT, i.e. θ ma j and θ min , divided by the beam area, i.e. b ma j and b min , for the April 11 and April 26 epochs respectively.
-Columns(5)-(6) and (10)-(11)): the major and minor axes of the deconvolved angular sizes of each of the sources within the CLASC, across both the April 11 and April 26 epochs.
